Context: Total pancreatectomy followed by intrahepatic islet autotransplantation (TP/IAT) is performed to alleviate severe, unrelenting abdominal pain caused by chronic pancreatitis, to improve quality of life, and to prevent diabetes.
C hronic pancreatitis with constant severe abdominal pain is a debilitating condition of various etiologies (1) (2) (3) . It is often accompanied by diarrhea, weight loss, narcotic use, and severely impaired quality of life. Unsuccessful treatment regimens often continue 5 to 10 years before physicians resort to total pancreatectomy and islet autotransplantation (TP/IAT) (4), which is successful in reducing pain and narcotic use, improving quality of life, and avoiding diabetes caused by pancreatectomy (5) (6) (7) (8) (9) (10) . However, after TP/IAT many recipients experience hypoglycemic episodes (11, 12) . Continuous glucose monitoring demonstrated that recipients experience blood glucose concentrations as low as 37 mg/dL (11) . Repeated bouts of hypoglycemia result in symptom desensitization to low glucose levels and hypoglycemia unawareness (13, 14) , which is extremely dangerous.
We have reported that exercise-induced hypoglycemia is common and has forced many recipients to eliminate moderate exercise-related activities that may lead to hypoglycemic episodes (11) . During exercise euglycemia is maintained by reciprocal changes in insulin and glucagon secretion. Under normal physiologic conditions, as blood glucose concentrations begin to fall due to tissue utilization, glucagon secretion stimulates liver glycogenolysis to release glucose, which enters the systemic circulation and increases systemic blood glucose levels. It is not established how intrahepatically transplanted islets might affect the regulation of glycogenolysis. We have suggested that intrahepatically transplanted islets may imprecisely adjust insulin and glucagon secretion in relationship to systemic glucose levels because these islets are surrounded by free glucose during glycogenolysis (11) .
In this study, we hypothesized that abnormalities in hepatic glucose production may contribute to the hypoglycemia recipients experience during exercise. TP/IAT recipients and control subjects completed an aerobic capacity test on a bicycle to standardize exercise intensity between subjects. Within a week, they returned for a 1-hour steady-state exercise session at 40% peak oxygen uptake (VO 2 ). Some recipients returned for a higherintensity exercise session at 70% peak VO 2 . A primed [6,6- 2 H 2 ]-glucose infusion was used before, during, and after exercise to measure endogenous glucose production throughout each study.
Research Design and Methods

Recipients
After approval from the Western Institutional Review Board, 14 islet transplantation recipients and 10 age-and body mass index (BMI)-matched control subjects gave written, informed consent to participate in the study and were treated appropriately during the protocol.
Eleven of 14 recipients underwent TP/IAT at the University of Minnesota. Table 1 shows specific surgical details from each recipient's TP/IAT. The surgical procedure of TP/IAT was performed as previously described (15) . Briefly, the entire pancreas was resected, along with part of the duodenum, with gastrointestinal continuity restored by end-to-end duodenojejunostomy or Roux-en-Y duodenojejunostomy in the majority (Table 1) .
Exercise protocol
Fourteen (12 female, 2 male) TP/IAT recipients and 10 (8 female, 2 male) healthy control subjects were studied. Ten of 14 recipients had a history of hypoglycemia with exercise. Subject characteristics are shown in Table 2 . All recipients had islets infused into the hepatic portal vein [intrahepatic (IH)], and two of the recipients additionally had intraperitoneal islet placement [IH + intraperitoneal (IP)]. IP islet placement was used when the pressure in the hepatic portal vein became too high to safely infuse all the islets into the liver. Most of the recipients were insulin free; however, two recipients were using exogenous insulin to regulate glucose concentrations.
Day 1
All subjects underwent a symptom-limited maximal bicycle test to determine peak VO 2 (16) . Subjects exercised on a cycle 
Day 2
On a separate day, but within a week, subjects returned after an overnight fast to undergo a constant level submaximal exercise test (16) . Two intravenous catheters were inserted in the antecubital veins (unless the recipient had a venous port, in which case the port was used for drawing blood). A primed (12 mg/kg) [6,6-2 H 2 ]-glucose infusion (0.12 mg/kg per minute) was started 3 hours before exercise and continued until the protocol was complete. Subjects moved to the cycle ergometer 20 minutes before starting exercise (t = 220 minutes). At t = 25 minutes, subjects began breathing through the mouthpiece connected to the analyzer. Resting blood samples were drawn at t = 210, 25, and 0 minutes. Subjects began pedaling at a workload set to achieve 40% of each subject's previously determined peak VO 2 . Because of the initial findings (see later) with a 40% VO 2 workload, 8 of the 12 insulin-independent TP/ IAT recipients returned on a different day for the 70% peak VO 2 exercise session. Blood samples were drawn at t = 5, 15, 30, 45, and 60 minutes after commencement of exercise. VO 2 was measured continuously during the initial 15 minutes of exercise, and the cycle workload was adjusted as necessary during this period to achieve the desired VO 2 . Exercise was terminated after 60 minutes, and additional blood samples were drawn during recovery at t = 15, 30, 45, and 60 minutes after exercise. All protocols were approved by the Western Institutional Review Board, and all subjects gave written consent.
Assays and analytical techniques
Blood samples for measurement of plasma glucose, insulin, C-peptide, glucagon, and epinephrine were kept on ice and then centrifuged, and the plasma was separated and frozen at 280°C.
Glucagon samples were collected in tubes containing Trasylol. Serum glucose was measured by the glucose oxidase method (16, 17) . Insulin, C-peptide, and glucagon were measured by radioimmunoassay (Millipore, Bedford, MA). Epinephrine was measured by adrenaline plasma enzyme-linked immunosorbent assay (high sensitive) (Immuno-Biological Laboratories, Inc., Minneapolis, MN). Plasma [6, H 2 ]-glucose was measured via gas chromatographic mass spectrometry.
Calculations
The systemic rate of endogenous glucose production (EGP) was calculated using Steele's non-steady-state equation (18 (19, 20) . Values from 230 to 0 minutes were averaged and considered basal for the insulin and C-peptide measurements.
Statistical analysis
The effect of exercise on metabolic and hormonal parameters between groups was analyzed by Student t test. Within each group, the effect of exercise was analyzed by one-factor analysis of variance for repeated measures followed by Fisher protected least significant difference for individual paired comparisons (Statview).
P values ,0.05 were considered statistically significant.
Results
Recipients were 5 6 1 years post-islet autotransplantation (Table 2 ). When we compared recipients and control subjects, there were no significant differences between age and BMI. The age range for control subjects was 22 to 62 years and for recipients was 23 to 58 years. Hemoglobin A1c was within normal range for both groups but significantly higher for recipients compared with control subjects (5.7 6 0.2 vs 5.1 6 0.1, respectively; P = 0.02).
Fasting glucose was 96 6 2 mg/dL in recipients and 86 6 3 mg/dL for control subjects (P = 0.04).
Day 1
When we compared the Borg Rating of Perceived Exertion (RPE), recipients perceived they were exercising to their maximal capacity, although their values were slightly lower than those of the control subjects [ Table 2 , Fig. 1(a) ]. RPE was 18.3 6 0.4 in recipients and 19.3 6 0.1 in control subjects (P = 0.05). However, these values were not consistent with their maximal heart rate during the aerobic capacity exercise test, which was significantly lower than that of the controls [ Table 2 , Fig. 1(b) ]. This difference led to lower aerobic capacity results for recipients than for control subjects [ Table 2 , Fig. 1(b) ]. Peak VO 2 was significantly higher in control subjects than in recipients (40.4 6 2.0 vs 27.2 6 1.4 mL/kg per minute, respectively; P , 0.001), and that value was associated with a higher workload to reach 40% of peak VO 2 (69 6 7 vs 46 6 4 W; P = 0.003; Table 2 ).
Day 2
Resting heart rate was 74 6 4 beats per minute (bpm) for recipients and 66 6 3 bpm for control subjects (P = ns). During the 1-hour steady state exercise session at 40% peak VO 2 , recipients and control subjects increased their heart rate to 111 6 4 bpm and 117 6 5 bpm, respectively (P = 0.30).
There were no significant differences in fasting plasma glucose between control subjects and insulin-independent recipients when exercising at 40% peak VO 2 . During exercise, EGP increased from 12.0 6 1.0 mmol/kg per minute at minute 0 to 15.2 6 1.0 mmol/kg per minute at minute 60 in the control subjects (P = 0.01), but EGP in the recipients did not change. The exercise protocol did not change EGP in the insulin-treated recipients, including the one who experienced low glucose levels (Fig. 2) . Insulin-independent recipients reduced their blood glucose levels from 91 6 2 mg/dL at the start of the exercise session (minute 0) to 84 6 2 mg/dL at the end of the exercise session (minute 60; Dglucose, P , 0.001). One recipient experienced the onset of hypoglycemia, and her exercise protocol was promptly terminated early at 60 minutes [ Fig. 3(a) ]. This recipient was insulin-treated (12 units at bedtime and 1 unit/15 g carbohydrate at mealtime) and had elevated insulin [ Fig. 3(b) ] and low C-peptide levels (data not shown) throughout the protocol. In addition to the insulin-treated recipient who developed hypoglycemia, another recipient was using lower amounts of exogenous insulin (5 units at bedtime) and had higher insulin levels [ Fig. 3(b) ] but comparable C-peptide (data not shown) levels to control subjects and insulin-independent recipients. This recipient did not experience hypoglycemia with the exercise protocol [ Fig.  3(a) ]. With these two recipients who were taking exogenous insulin excluded, there were no differences in insulin levels between the control and recipient groups [ Fig. 3(b) ] or C-peptide levels (data not shown) throughout the protocol. However, the exercise protocol decreased insulin and C-peptide levels in control subjects from 8 6 1 mU/mL to 5 6 1 mU/mL and from 0.94 6 0.08 ng/mL to 0.74 6 0.06 ng/mL, respectively, from the start of exercise (minute 0) to the end of the exercise session (minute 60; P , 0.05); recipients did not change [P = ns; Fig. 3(b) ]. Glucagon concentrations in recipients and controls were not significantly different from each other and did not change throughout the exercise protocol [ Fig. 3(c) ]. Glucagon concentrations in the insulin-treated recipients, including the subject who became hypoglycemic, did not change with the exercise protocol (11). Epinephrine concentrations did not change during the exercise protocol in either control subjects or insulin-independent recipients and did not differ significantly, except in the insulin-treated recipient whose glucose concentrations fell during exercise, who did have increased epinephrine concentrations during exercise [ Fig. 3(a) and 3(d) ]. Because TP/IAT recipients had deficient EGP during moderate exercise (40% peak VO 2 ), we examined the effects of a higher-intensity exercise protocol on EGP at 70% peak VO 2 in 8 recipients. Six of these recipients successfully completed this second exercise protocol. During the 70% peak VO 2 exercise session, EGP significantly increased, from 10.1 6 0.4 mmol/kg per minute at minute 0 to 14.8 6 2.0 mmol/kg per minute at minute 60 in recipients [P = 0.002; Fig. 4(a) ]. However, this increase at 70% was no greater than control subjects developed at 40% peak VO 2 . As expected, recipients consumed more oxygen during the higher-intensity exercise protocol than at light exercise intensity [40% peak VO 2 ; P = 0.003; Fig. 4(b) ]. Epinephrine levels were significantly higher in recipients during the 70% peak VO 2 compared with their 40% peak VO 2 exercise session [minute 30 to 60; P , 0.05; Fig. 4(d) ]. This finding is consistent with the greater perceived exertion that was reported during the 40% VO 2 studies for the recipients and the control subjects. No differences were found between insulin, C-peptide, and glucagon levels during the 40% and 70% peak VO 2 exercise sessions.
Discussion
In healthy exercising people blood glucose is regulated by insulin, glucagon, epinephrine, and the autonomic nervous system (21) (22) (23) (24) (25) . In normal subjects exercise decreases insulin secretion and increases blood glucose (22) . The role of the autonomic nervous system in regulating blood glucose is clear during exercise in healthy people whose islets receive pancreatic sympathetic and parasympathetic nerves that are activated during exercise to downregulate insulin secretion. However, vagal innervations of islets seems unlikely to play a role in the regulation of blood glucose in TP/IAT recipients, given that transplanted islets are not likely to have physiologically meaningful vagal innervation.
These studies were performed to search for mechanisms that might explain why TP/IAT recipients have bouts of hypoglycemia when exercising moderately. Our approach used 1 hour of moderate exercise (40% peak VO 2 ) in TP/IAT recipients and matched control subjects in combination with tracer-based measurement of EGP while blood samples were drawn for determination of EGP and for glucose, insulin, C-peptide, glucagon, and epinephrine. An important and unanticipated observation was made that although the Borg RPE was in the same range for the controls and recipients, maximal heart rates were lower in the recipients. The lower heart rate in the recipients was associated with a lower overall peak VO 2 . These data may indicate that recipients perceived Figures 4(a) , 4(c), and 4(d) are at rest, during exercise, and during recovery in TP/IAT recipients. Black squares are recipients at 40% peak VO 2 , and black circles and dashed lines are recipients at 70% peak VO 2 . TP/IAT recipients at 70% peak VO 2 minute 0 vs minute 60; †P , 0.05. TP/IAT recipients at 40% vs 70% peak VO 2 ; *P , 0.05. Data are means 6 standard error. In Fig. 4(b) each line represents a recipient who completed both 60-minute exercise sessions (six total). Two of eight recipients who began the 70% peak VO 2 exercise session did not complete the 1-hour session. One hour of exercise at 70% peak VO 2 increased recipient EGP from 10.1 6 0.4 to 14.8 6 2.0 mmol/kg per minute (P , 0.05), a level reached by the controls at 40% peak VO 2 [ Figs. 2 and 4(a) ]. This level was associated with increased epinephrine levels in the recipients, which were not seen in controls at 40% peak VO 2 [101 6 28 to 360 6 161; P , 0.05 vs 55 6 7 to 88 6 23 pg/mL; P = ns; Figs https://academic.oup.com/jcemthe intensity of their exercise sessions differently than control subjects, which would be consistent with a history of chronic illness, feelings of diminished robustness, and a previous history of unrecognized mild hypoglycemia during exertion. The primary observation was that compared with control subjects, TP/IAT recipients had lower levels of EGP before exercise began, and, more importantly, they had no increase in EGP during exercise. One TP/IAT recipient developed hypoglycemia with an accompanying increase in epinephrine, but neither glucagon or EGP increased. In healthy people, the Borg RPE is a reliable measure of perceived effort during exercise (26, 27 ). An RPE of 17 to 20 indicates very hard to maximal exertion (28, 29) , and both our recipients and control subjects believed they were in that range [ Fig.  1(a) ]. Given the deficiency in EGP seen at 40% peak VO 2 in TP/IAT recipients, we restudied all available recipients at the higher-intensity exercise protocol (70% peak VO 2 ). The higher-intensity exercise session succeeded in increasing EGP to the level seen in controls undergoing exercise at 40% peak VO 2 . Another difference was that the recipients had an increase in epinephrine levels at 70% peak VO 2 , in contrast to the lack of increased epinephrine levels in both controls and all but one recipient at 40% peak VO 2 . We suggest it was the increased epinephrine level that increased EGP at 70% peak VO 2 . Interestingly, type 1 diabetic recipients of intrahepatic alloislet transplant have not reported hypoglycemic episodes with exercise, but they have been reported to have higher epinephrine levels and higher EGP during hypoglycemic clamps (30) . Intrahepatic alloislet recipients would be of interest to study during exercise, with recognition that there are important, complicating differences in these two groups. Alloislet recipients have type 1 diabetes, they do not undergo total pancreatectomy with surgical revision of the proximal small intestine, and they use immunosuppressive drugs, some of which cause abnormalities in beta cell function. Because of the important differences in these two groups, they should both be studied on the basis of their own merits with their own controls, which for the alloislet recipients would be matched type 1 diabetic subjects who have not had pancreatectomy but who do take immunosuppressive drugs for kidney transplantation. To the best of our knowledge, our data are the first to show that, compared with normal control subjects, TP/IAT recipients have low basal EGP and do not increase EGP during moderate exercise. This abnormality may contribute to the decrease in blood glucose TP/IAT recipients experience during moderate exercise. We do not mean to imply that deficient EGP caused hypoglycemia, the initiating mechanism for which remains obscure. But we do suggest that the failure of EGP to increase during mild exercise may contribute to hypoglycemia in the sense that it would deprive autoislet recipients of normal counterregulation of hypoglycemia during its onset.
Conclusions
Although TP/IAT is a highly effective treatment of chronic pancreatitis in alleviating pain and avoiding diabetes, some recipients experience exercise-induced hypoglycemia. This study has identified a deficiency in endogenous glucose production as a potential contributing mechanism for the hypoglycemic episodes TP/IAT recipients experience during exercise. Additionally, a difference in the Borg RPE between healthy subjects and recipients was uncovered. Additional studies are needed to fully explore the subtle differences between types, duration, and intensity of exercise and hypoglycemia in TP/IAT recipients. Understanding these interrelationships should enable physicians and recipients to better manage daily exercise without experiencing hypoglycemic episodes.
